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We have demonstrated a new technique for fluorescence detection of ultracold atoms. Fluorescence from two spatially separated clouds of ultracold atoms illuminated by a mutual probe laser was imaged onto opposite quadrants of a position-sensitive detector. The populations in the two separated atomic clouds were measured by integrating the quadrant detector photocurrents. Simultaneous detection of the populations of the two atomic clouds was used to reduce noise caused by fluctuations in detection laser amplitude and frequency. Using this technique we observed quantum projection noise limited detection signal-to-noise ratios exceeding 2000:1. To demonstrate the application of our highly sensitive detection, we compared two atomic clocks with interrogation times of only 80 ms to obtain a relative frequency stability of 1 x 10-13r--1/ 2 where r is the integration time in seconds. @ 2006 Optical Society of America OCIS codes: 020.0020, 300.6210, 300.6460.
Laser cooled atoms are used in a variety of instrular all-glass cesium vapor cell are used to generate a ments of scientific and technological importance. Cold -10G/cm magnetic field gradient. The trapping light is atom clocks, 1 gravimeters, 2 gyroscopes 3 and gravity gradetuned -10 MHz (red) from resonance on the F= 4 --diometers 4 are each at the forefront of their respec-F'= 5 cooling transition and overlapped with resonant tive measurement classes. The performance of each of F= 3 -4 F'= 4 repumper light. The cold beam of cesium these instruments requires low-noise detection of ultraatoms generated by the 2D MOT exits the vapor cell cold atoms. In' this Letter we present a simple detecthrough an aperture and enters a glass UHV cell with tion technique using simultaneous imaging of fluoresa mean longitudinal velocity of 7m/s and a 50 mrad dicence from two spatially separated atomic clouds onto vergence. A MOT is formed in the UHV cell using three a quadrant photodiode that has yielded a signal-to-noise retro-reflected beams with an intensity of 3 mW/cm 2 ratio (SNR) greater than 2000:1. and a weak magnetic field gradient of -2G/cm. The Standard techniques for atom detection include 3D MOT beams are also detuned by -10 MHz while the measuring scattered fluorescence or absorption from a trap is loading. A total of 109 atoms is trapped in about probe laser beam. Probe laser frequency or amplitude lOOms with a 3 mm 1/0 2 radius. The atoms are subnoise can be a limitation to achieving high SNR. BackDoppler cooled to 3/tK before being released from the ground scatter can also be a limitation if substantial trap. thermal vapor is present. This can be overcome by using
To prepare a pure sample of atoms in the 62S1/2 F-= 3, pump-probe modulation-transfer spectroscopy to distinmf = 0 hyperfine state we use a state selection sequence guish between cold atoms and thermal vapor. 5 If noise of radio-frequency (RF) microwave, repumper and blastcontributions due to laser scatter from a thermal vapor ing pulses. After the MOT is loaded, the repumper light are negligible, fluorescence detection can be effectively is left on for a few hundred microseconds after the trapused.
In the best fluorescence detection based interferometer experiments 1 coherent superposition of two internal 7 We begin with trapping a large number of atoms in Fig. 1 . Diagram of the energy levels for the pulse sequence an ultra-high vacuum (UHV) environment by loading a used to enhance the number of atoms in the F = 3, mf = 0 3-dimensional magneto-optical trap (3D MOT) from a state. Resonant microwave transitions drive atoms to the F= Cs vapor cell based 2D MOT source. 6 A flux of -1010 3 hyperfine state for all states except mf = 0 and mf = ±4. atoms/sec is generated in the 2D MOT using two or-A repumper pulse redistributes atoms across the magnetic thogonal retro-reflected trapping beams with 19 mW of sublevels of the F= 4 state. After several cycles of microwave power and an approximate beam size of 1 cm x 4 cm. and repumper pulses, atoms will accumulate in the mf = 0 Rectangular quadrupole coils surrounding a rectanguand mf = ±4 states.
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ping light is extinguished to optically pump the trapped a) atoms into the 6 2 S 1 / 2 F= 4 state. A RF 7r-pulse, tuned on resonance to the F= 3, mf = 0 -F= 4, mf = 0 by-MOT beams 3DegOT perfine transition (0 -4 0), at 9.192631770 GHz, trans-/region fers atoms to the F= 3, mf = 0 state with high efficiency. ,
A magnetic field of 28.5 mG is applied to the atoms so that microwave transitions between different hyperfine states can be individually resolved. To "blast" away remaining F= 4 atoms, the trapping light is tuned 1MHz above resonance and is turned on for 500,us to heat the Aspheric lenses atoms out of the detection region. A second microwave F-4 Atoms..
7r-pulse transfers atoms back to the F= 4, mf = 0 state, followed by a repumping pulse. A final 7r-pulse, either a F=3 AtomsQ direct microwave or a two-photon optical, then followed Quadrant photodiode by a second blasting pulse, prepares about 1/9 of the original distribution into the F = 3, nmi = 0 state with high purity. ode. After the photocurrent is integrated for the desired microwave pulses transfers atoms from F= 4 to F= 3, for length of time, the quadrant voltages are held until they magnetic sublevels mf = ±1, ±2, and ±3, which is then are read out separately through an analog multiplexer followed by a 10 ps repumper pulse. The cycle of pulses board. The electronic noise is less than 0.1 mV rms. The is repeated up to 10 times. Throughout the process, the noise from scattered background light is typically 0.3mV F= 4, mi = 0 sublevel remains dark. Afterwards, the state selection sequence described above is performed, resulting in approximately a factor of two gain in the 0_518_0.548 number of atoms prepared in the F= 3, mf = 0 sublevel. for scattered background light, V 4 is the corresponding Atom Number F = 4 quadrant signal, and f is a coefficient accounting for the difference in detection efficiencies for the F = 3 Fig. 4 . SNR was measured as a function of atom number and F = 4 atoms. This coefficient is experimentally deby varying the loading time. The measured N 1 / 2 dependence suggests that the detection is limited by quantum projection termined by using a microwave pulse to systematically noise scaling. Depumping effects lead to a scaling offset. vary the number of F = 4 atoms and is typically around 1.3.
To determine the SNR of the detection system, we but does not affect the observed atom number scaling. measured the normalized number of atoms in the F = 3
To further characterize the sensitivity of our detection state for two atom interferometers sharing a common misystem, we performed an experiment to measure the relacrowave source. Each interferometer was controlled by tive frequency stability of two microwave based atomic the same timing sequence and used trapping, repumper clocks. We began with the state preparation sequence and detection light from the same laser sources. Followdescribed above. Afterwards, the atoms in each setup ing state preparation into the F= 3, mf = 0 state, a suentered a RF 7r/2 -7r/2 interferometer, with a separaperposition of atoms in the two hyperfine ground states tion time of 80 ms between RF pulses. Here, a 7r/2 pulse was created using a microwave 7r-pulse detuned from rescreates a superposition of the two hyperfine states. The onance by the amount required to excite 1/2 of the atoms output of the interferometer is a sinusoidal dependence into the F = 4, mf = 0 state. The normalized number on the detuning of the RF from resonance. We chose an of atoms in the F = 3 state, N 3 , was recorded for each appropriate detuning to output atoms with nearly equal atom interferometer with a repetition rate of 3Hz (Figure population in both atomic states. A data collection se-3A). Phase noise in the RF field produces fluctuations quence and Gaussian elimination algorithm identical to in N 3 which are common between the two interferomeabove was used to determine the cross-interferometer ters. If only one interferometer signal was available, the signal to noise ratio. In one second of integration, we microwave phase noise would limit the measurement of demonstrated a relative frequency stability of 1.Ox 10-13 the SNR of the detection system to < 700 : 1.
(7.3x 10-14 extrapolated per interferometer). A typical characterization of the system SNR begins
In conclustion, we have presented a new detection with a collection of data points taken with the above coscheme of simultaneous measurement of two atomic herent superposition of states. A Gaussian elimination states using scattered fluorescent light. The technique procedure is used to determining the multiplicative scalhas demonstrated very high signal to noise ratios when ing and offset coefficients between the normalized signals compared between identical setups, with the capabilfrom each interferometer over the length of the data run.
ity of achieving quantum projection noise limited deThe variance of the difference between the normalized tection. Our scheme does not require ultra-narrow laser output of one interferometer and the scaled output of linewidths and high stability RF oscillators. A demonthe other, along with the amplitude of the on-resonant strate relative frequency stability of < 1 x 10-13 was 7r-pulse transition, determines the SNR over the data set measured in one second of integration ( Figure 3B ). This work was supported by AFRL under Contract By changing the loading time from the 2D MOT into
No. F19628-02-C-0096. M. Cashen's email address is the 3D MOT, along with selectively using the optical cashen@stanford.edu and J. Fixler's email address is pumping scheme, we explored the sensitivity of the crossfixler@stanford.edu. interferometer SNR as a function of the initial atom number, N, in the interferometer (Figure 4 ). We found a N1/ 2 scaling of the SNR consistent with that expected References from quantum projection noise limited detection of a superposition of coherent states.' The atom number was 1. G. Santarelli, Ph. Laurent, P. Lemonde, and A. Clairon, A. C. Mann, S. Chang, A. N. Luiten and C. Salomon, determined from an average of the amplitude signals P. e. Lett. 82 41 ( . from the two interferometers, with the standard deviPhys. Rev. Lett. 82 4619 (1999).
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